ABSTRACT: The influence of solar radiation on bacterial secondary production (BSP), bacterial growth efficiency (BGE), and growth rates (μ) in upwelling zones of the Humboldt Current System (HCS) is not yet understood. Here we assessed the impact of solar radiation, with special focus on ultraviolet radiation (UVR, 280 to 400 nm) on 2 natural bacterioplankton assemblages with different light history coming from surface waters (0.5 m) and subsurface waters (80 m) off central-southern Chile (36°S). The samples were incubated under ambient irradiance for 4 to 11 h and exposed to 3 spectral radiation treatments: photosynthetically active radiation (PAR, 400 to 700 nm), PAR+UV-A (320 to 700 nm), and PAR+UVR (280, to 700 nm). BSP was estimated by 14 C-leucine (protein synthesis) and [methyl-3 H]-thymidine (DNA synthesis) uptake. Both bacterioplankton assemblages showed significant (p < 0.05) inhibition of BSP, BGE, and μ rates when exposed to PAR radiation; in contrast, responses to UV radiation were more variable. At noon, BSP inhibition was 49 to 53% (PAR), 13 to 30% (UV-A), and 5 to 14% (UV-B) for both assemblages. At sunset, in surface assemblages, protein and DNA synthesis were more limited by UV-A than by UV-B, whereas protein synthesis in the subsurface assemblage was more inhibited by UV-B than by UV-A. The same inhibition patterns were found for BGE and μ, especially with regard to protein synthesis. The daily inhibition of BSP, BGE, and μ in both assemblages was mainly a function of PAR followed by UV-A and UV-B. Our results suggest that solar radiation could play an important role in modulating bacterioplankton dynamics (especially protein synthesis) during active upwelling periods in the HCS.
INTRODUCTION
Since the discovery of the Antarctic ozone 'hole' there has been renewed interest in the effect of solar radiation on marine communities. The solar spectrum that reaches the Earth's surface comprises photosynthetically active radiation (PAR, 400 to 700 nm) and ultraviolet radiation (UVR, 280 to 400 nm; Díaz et al. 2000) . UVR is further divided into UV-A (320 to 400 nm) and UV-B (280 to 320 nm). Although there is consensus that increased amounts of UVR are potentially damaging to the biosphere, reports on the effect that UVR has on marine communities range from no net effects (Gustafson et al. 2000) to severe conse-quences (Häder et al. 2003 , Wetzel 2003 . In some marine ecosystems, UVR penetrates to a considerable depth (i.e. down to 50 m; Browman et al. 2000 , Morán & Zepp 2000 and may influence community structure and function (Winter et al. 2001) . For instance, UVR can influence bacterioplankton remineralization processes by (1) photochemical dissociation of dissolved organic matter (DOM) into smaller labile molecules, (2) incrementing algal DOM release by stress (Kieber et al. 1989 , Mopper et al. 1991 , Naganuma et al. 1996 and, (3) reducing predatory activity (Sommaruga & Buma 2000) . Indirectly, UVR can produce toxic photochemical substances like superoxide radicals and the release of toxic metals like copper or aluminum that may impair bacterioplankton activity (Chatila et al. 1999) .
Because prokaryotes inhabiting surface waters in marine ecosystems lack pigmentation and are small in size, they are considered to be more sensitive to solar radiation than other microorganisms (Garcia-Pichel 1994) . Direct UVR effects on bacterioplankton include changes in morphology and physiology such as DNA structure, enzymatic activity, and reduced membrane permeability (Sommaruga et al. 1997 , Chatila et al. 1999 . Morán et al. (2001) reported that PAR inhibited bacterial activity whereas Sommaruga et al. (1997) reported that PAR and UVR have equally inhibitory effects on the rates of both [methyl-3H]-thymidine (TdR) and 14 C-leucine (Leu) utpake in bacteria in the Adriatic Sea. Aas et al. (1996) found that PAR in the Gulf of Mexico can actually stimulate bacterial uptake of both tracers, while Helbling et al. (1995) reported that PAR radiation has no effect on bacterial growth in the Antarctic waters.
Vertical isolation by depth layers confers a differential spectrum of solar radiation exposure and substrate for bacterioplankton (Wetzel 2003) . As a consequence, inter-specific differences in sensitivity to UV-B (Helbling et al. 1995 , Buma et al. 1997 , Visser et al. 2002 , UV-A (Sieracki & Sieburth 1986 , Wilhelm & Smith 2000 , and PAR , Sommaruga et al. 1997 , Morán & Zepp 2000 , as well as differences in recovery mechanisms from previous stress (Arrieta et al. 2000 , Gustafson et al. 2000 , Winter et al. 2001 , generate changes in community composition that might have important biogeochemical consequences.
The wind-driven upwelling ecosystem off centralsouthern Chile (Concepción: 36°S, 73°W) is one of the most productive areas of the Humboldt Current System (HCS). Equatorial subsurface waters (ESSW) with low oxygen and high nutrient concentrations (Cuevas et al. 2004 ) are brought to the surface by upwelling pulses, especially during summer. This ecosystem is highly productive in terms of primary production (PP,~1 7 g C m -2 d -1
; Daneri et al. 2000) , bacterial secondary production (BSP, ~4.9 g C m -2 d -1
; Troncoso et al. 2003) , and fish landings (Sobarzo et al. 1997 , Cubillos et al. 2002 . Bacterioplankton is a key component of the HCS marine food web, and is capable of processing an important fraction of the organic carbon fixed by algal activity (Troncoso et al. 2003 , Cuevas et al. 2004 ) under oxic and anoxic conditions (Levipan 2006) . The seasonal variability of bacterioplankton biomass and production in the HCS has been related to primary production, substrate availability, and grazing pressure control (Cuevas et al. 2004) . Despite the importance of bacteria in the HCS, solar radiation has not to date been considered as a major factor influencing bacterioplankton dynamics.
The aim of this paper was to evaluate the effect of solar radiation on the activity of natural bacterioplankton assemblages from surface and subsurface (below photic zone) waters of Concepción's upwelling ecosystem in the HCS off Chile. It was hypothesized that the solar spectrum can differentially inhibit bacterial metabolism (expressed in terms of reproduction, proteins synthesis, growth rates, and efficiency) and, that during upwelling events, subsurface bacterial assemblages that are rapidly exposed (within days) to surface solar radiation would be more likely to suffer inhibitory effects due to irradiance than the bacterioplankton already inhabiting surface waters.
MATERIALS AND METHODS
Sampling. Water samples were collected at a coastal station in Coliumo Bay and a shelf station (Stn 18) 18 nautical miles offshore (Fig. 1) . Shelf sampling was conducted on board the RV 'Kay Kay', using acidwashed (HCl) Go-Flo bottles (30 l). On board, standard oceanographic information was obtained using a CTD (Neil Brown, MK III) equipped with an oxygen sensor. The sampling area is part of the Concepción upwelling ecosystem, which is seasonally influenced (mainly at the bottom and subsurface) by ESSW and (at the surface) by Antarctic Subsurface Waters (ASSW; Sobarzo et al. 1997) . Representative profiles of temperature, salinity and dissolved oxygen taken down to 80 m depth during sampling at the shelf station are shown in Fig. 2 . Samples were also taken for the determination of nutrients, chlorophyll a (chl a) and prokaryote abundance. Samples for the experiments were collected from 0.5 m (Coliumo Bay) and from 80 m, below the euphotic zone (shelf station). Water samples from both sites were transferred into acid-washed (HCl, 10% v/v) polycarbonate containers, and kept in the dark at in situ temperatures (13 to 15°C) during transport and until experimentation.
Experimentation. During January to February 2004
and January 2005, time course solar irradiation experiments were conducted with water from the Concepción shelf (80 m, below the photic layer) and Coliumo Bay (0.5 m, surface). After collection, water was gently homogenized and distributed into 24 clean (HCl 10% v/v) UV-transparent acrylic bottles (250 ml). The optical characteristics of the materials and cut off filters used in the experiment are reported elsewhere . Three spectral radiation treatments were implemented in an outdoor incubation system: (1) P treatment (400 to 700 nm), 6 bottles covered with a Ultraphan-Opak-Digefra-film (50% transmission at 395 nm); (2) PA treatment (320 to 700 nm), 6 bottles covered with a PR-Montagefolie-filter (50% transmission at 320 nm); and (3) PAB treatment (280 to 700 nm), 6 uncovered bottles exposed to natural solar radiation. In addition, 6 bottles were wrapped with several black plastic bags and used as dark controls.
Before the experiment began, all bottles were preacclimated for 60 min by complete submersion (10 cm below water surface) in an outdoor incubation system away from any solar exposure. Even though during the summer we collected water from 80 m with an average temperature of 11°C, we continuously pumped surface water to control temperature and thus both samples (from 0.5 and 80 m) were at 18 ± 3°C. This incubation temperature was higher than the in situ temperature at 80 m; however, it was assumed that during upwelling the water parcel temperature will increase until surface temperature is reached. The temperature registered during each sampling time was considered in the bacterial respiration calculation following del Giorgio et al. (1997) and del Giorgio & Cole (2000) .
At 4 times during the daily solar cycle, early morning (time zero, t 0 ), around solar noon (e.g. after 4 h of incubation), during the afternoon (e.g. after 8 h of incubation), and finally at sunset (e.g. after 11 h of incubation), samples were taken and prokaryote activity measured in the dark after exposure to solar radiation (see below). This procedure avoids photochemical alterations in the molecular structure of the radioactive tracers and also eliminates any potential autotrophic activity that could be included in the light treatments (Sommaruga et al. 1997) .
Bacterial secondary production (BSP). After exposure, duplicate bottles were taken from each treatment to measure BSP that was measured indirectly using the uptake of radioisotope labeled precursors of protein and DNA synthesis like Leu (Simon & Azam 1989) and TdR (Fuhrman & Azam 1982 , modified by Wicks & Robarts 1987 . We added Leu (300 to 330 mCi mmol -1 s.a., Sigma T-6527) and TdR (87.1 to 90 Ci mmol -1 s.a., Sigma T-6527) to obtain final saturation concentrations of 50 nM (25 nM hot/labeled and 25 nM cold/unlabeled) and 7 nM, respectively. Samples (2 replicates and 2 blanks of 5 ml) were incubated in the dark at surface in situ temperatures for 2 h. Preliminary incorporation experiments showed that when replicate samples were incubated for Leu (10, 20, 50, 70, 100, 150, 250 nM) and TdR (5, 7, 10, 15, 20, 40 nM) uptakes, the 7 nM and 50 nM concentrations gave the maximum linear labeling. We also selected the incubation period for both type of waters considering previous studies in coastaloceanic zone (i.e. Talbot et al. 1997 , Troncoso et al. 2003 , Levipan 2006 ). The incubations were ended by adding cold trichloroacetic acid (TCA 50% w/v). After 10 min of extraction, samples were filtered (< 200 mm Hg) onto 0.2 µm cellulose ester filters (GSWP Millipore) and washed twice with TCA 5% (for both radioactive tracers). In addition, TdR samples were treated with 3 ml of phenol-chloroform solution (50% w/w) and ethanol (80% v/v) (Riemann & Bell 1990) . The filters were then put into scintillation vials with 1 ml of ethyl acetate and 10 ml Ecolite (+) (ICN). Both Leu and TdR uptake were estimated from dpm using a Packard (Model 1600TR) liquid scintillation counter; counting efficiency was calculated from the nonquenched standard of 3 H-toluene. BSP from Leu incorporation was calculated using a ratio of cellular carbon to protein of 0.86 and a fraction of leucine in protein of 0.073 (Simon & Azam 1989) . The cell production rates, obtained from moles of TdR incorporated (see Furhman & Azam 1982) , were transformed to BSP assuming a widely used conversion factor of 2 × 10 18 (Lee & Fuhrman 1987 , Sherr et al. 1997 that is closely related and comparable with the only calculation (25 fg C cell -1 ) made for the zone (Troncoso et al. 2003) . In addition, the cell specific incorporation of Leu and TdR was calculated as the quotient between Leu and TdR incorporation and total bacterial number (cell abundance) determined for each water sample, and was expressed as fg C cell
. Bacterioplankton growth efficiency (BGE): By using del Giorgio & Cole's (2000) definition, BGE is the ratio of biomass produced or synthesized per unit of substrate assimilated (A), and can be estimated as:
where BGE is bacterioplankton growth efficiency, BSP is bacterial production and BR is bacterial respiration. BR (expressed as µg C l -1 d -1 ) was estimated using the del Giorgio et al. (1997) equation that does not consider the substrate availability:
where BA is bacterioplankton abundance (cells ml -1 ) and T is the in situ temperature (°C).
Growth rates ( μ μ): As a complementary approach to BSP measurements, the bacterial growth rates (μ d -1 ) were estimated for each sample using the following equation:
where BSP is the bacterial secondary production (µg C l -1 d -1 ) and B is the bacterial biomass (Pedrós-Alió & Brock 1982, Kirchman et al. 1982 , discussed by Peters 2002 . Since growth rates showed the same trend as BSP and BGE during the experimental period, we only reported mean μ values (Table 1) .
Bacterioplankton abundance (BA) and biomass (B). Subsamples of 50 ml were taken from the different exposure treatments, preserved with formaldehyde (2% final concentration), and stored in the dark at 4°C. Duplicates (3 ml) were stained with DAPI (4', 6-diamidino-2-phenylindole) and filtered on to dark 0.2 µm polycarbonate filters; 10 to 20 random fields (minimum 400 cells) were counted using a ZeissAxioskop epifluorescence microscope (1000×) equipped with quartz optics with UV excitation. The cell numbers were also used to calculate biomass (see below). In addition, bacterioplankton biovolume was estimated from the epifluorescence microscopic photographs. Between 100 and 250 cells from each depth were measured (longest cell axis) with Sigma Scan Pro 4.0 Software prior to solar exposure, and again at the end of one of the experiments per depth. This information was used as an index of cell size variation in the assemblage during incubation. Bacterioplankton biomass (B) was calculated using the bacterial abundance (BA) measured at each sampling and the conversion factor of 20 fg C cell -1 (Lee & Fuhrman 1987 , Sherr et al. 1997 . We are aware that the conversion factor can change as a function of C, N, and P content (Vrede et al. 2002) , and that these authors found a different factor (39 fg C cell -1
). In the present study, we decided to use the former conversion factor (i.e. 20 fg C cell -1 ) in order to be able to compare with previous studies (Lee & Fuhrman, 1987 , Ducklow 1999 and most important the ones conducted in the HCS (McManus & Petersen 1988 , Pantoja et al. 1989 , Cuevas et al. 2004 .
Chlorophyll a: Chl a was measured by filtering 150 ml of the sample onto Whatman GF/F filters, which were kept in the dark at -20°C until extraction in cold acetone (90% ) for 24 h. The concentration of chl a was determined from the fluorescence (before and after acidification) using a Turner Designs fluorometer (Model 10AU) previously calibrated against pure chl a (Sigma) following the method described by HolmHansen et al. (1965) .
Nutrient measurements: Nitrate (NO 3 -) and nitrite (NO 2 -) concentrations were determined following the methodology described in Strickland & Parsons (1972) , and silicate Si(OH) 4 was determined as described in UNESCO (1983) . Two aliquots of 50 ml per treatment were frozen (-20°C) in plastic flasks for later spectrophotometric determinations with an Agilent spectrophotometer (model 8453).
Radiation measurements. Solar radiation was continuously monitored using a ground radiometer (GUV-511C, Biospherical Instruments). The radiometer has a broad band channel for PAR (400 to 700 nm) and 4 channels within the UVR range (380, 340, 320, and 305 nm). The Orce & Helbling model (1997) was used to obtain the wavelength's integrated irradiance values (Wm -2 ) for UV-A (320 to 400 nm) and UV-B (280 to 320 nm).
Statistical analysis: An orthogonal 3-way ANOVA was used to analyze the inhibition of bacterioplankton metabolic activity expressed as BSP, percentage of dark control, BGE and μ (Table 1) . A 2-way ANOVA was used to analyze the variation of chl a, nutrients, biovolume, and abundance between each depth and solar-UV radiation treatments.
We analyzed the inhibition of bacterioplankton secondary production and μ rates throughout the day with a 3-way ANOVA: Expts 1 to 4 were used as factor I, time as factor II, and the P, PA, and PAB treatments as factor III. The differences in chl a, nutrients, biovolume, and abundance throughout the day were assessed with a 2-way ANOVA using Expts 1 to 4 as factor I and the P, PA, PAB treatments as factor II (Table 2) . Transformations were performed (log transformation for all variables except abundance data) in order to reduce deviations from the homogeneity of variance and normality (Sokal & Rohlf 1981 ). All data were tested for homocedasticity with Cochran's C-test (Sokal & Rohlf 1981) . Statistica 6.0 software was used. A posteriori pairwise multiple comparison differences among treatments were evaluated using Tukey's test (p = 0.05). 
RESULTS

Solar radiation at Concepción (36°S)
Daily doses of PAR, UV-A, UV-B and summertime (January to (Fig. 3A) , 1030 and 1190 kJ m -2 for UV-A (Fig. 3B) , and 133 and 156 kJ m -2 for UV-B (Fig. 3C) . Day-to-day variability during these months was mainly due to differences in cloud cover. Fig. 3D ).
Effects of solar radiation on surface bacterial assemblages
The BSP cell -1
, based on Leu uptake, increased from 0.28 to 1.96 fg C cell -1 d -1 in the dark control samples during the first 8 h of experimentation, and decreased at sunset towards the end of the experiment (Fig. 4A) . A significant BSP inhibition (Tukey test, p < 0.05) was observed in all radiation treatments as compared to the dark control after 4 h (local noon) and 8 h (afternoon) of exposure to solar radiation. Nevertheless, samples exposed only to PAR had a significant increase after 8 h, and resembled the behaviour of the dark control. At local noon, most of the protein synthesis inhibition was due to PAR (49% of the dark control), whereas UV-A and UV-B caused additional 13 and 7% inhibition, respectively (Fig. 4B) . After 8 h of exposure (afternoon), there were a significant recovery in the samples exposed to PAR only (78% of dark control); the inhibition due to UV-A and UV-B remained the same with values of 37 and 32% of the dark control, respectively (Fig. 4B ). There was a significant enhancement of PAR samples as compared to dark controls at the end of the experiment (sunset); however, the samples in the PA and PAB treatments were still significantly inhibited. Similarly, BGE was inhibited in all radiation treatments as compared to the dark control during exposure to solar radiation (Fig. 4C ). The greatest BGE inhibition was observed at local noon, but all samples exhibited a significant recovery as the experiment progressed with little or no differences observed among radiation treatments and the dark control at the end of the experiment. A significant impact of solar radiation on growth rates (μ) of surface bacterial assemblage was also observed during the exposure to solar radiation (Table 1) , in agreement with the results observed for BGE and BSP (Fig. 4) . The BSP cell (Fig. 5A ). This is approximately one order of magnitude less than the BSP estimated from Leu uptake (Fig. 4A) . The inhibition of BSP cell -1 was significant (Tukey-test, p < 0.05) in all radiation treatments as compared to the dark control (Fig. 5A,B) . The highest inhibitions were observed at local noon, with BSP values of samples in the P, PA, and PAB treatments being 47, 24 and 29% of the dark control, respectively (Fig. 5B) . As the experiment progressed, cells recovered in all radiation treatments although they were still significantly inhibited as compared to the dark control. A similar pattern was observed for BGE (Fig. 5C) , with BGE values at noon and in late afternoon being 65 and 84% (P treatment), 52 and 68% (PA treatment), and 39 and 60% (PAB treatment) of dark controls, respectively. The growth rates (based on TdR) in the radiation treatments were also significantly lower (Tukey-test, p < 0.05) than in the dark control (Table 1) .
Effects of solar radiation on subsurface (below photic zone) bacterial assemblages
The BSP cell -1 based on Leu uptake ranged from 0.06 to 1.54 fg C cell -1 d -1 (Fig. 6A) . Protein synthesis was significantly inhibited (Tukey-test, p < 0.05) during all sampling times in the radiation treatments.
After 4 h of incubation (noon) BSP cell -1 was inhibited and P was 49% of dark control, while PA accounted for 19% and PAB for 5% respectively (Fig. 6B) . After 8 h of exposure (afternoon), the BSP cell -1 remained below the dark control values in all the treatments. However, towards the end of the experiment, there was a slight recovery (as compared to the dark) in the PAB treatment samples, while the recovery in the PA, and P treatments were significantly higher (Fig. 6B) ; this was mainly due to a decrease in the BSP cell -1 in the dark samples at sunset (Fig. 6A) . Similarly, there was a significant inhibition of BGE in all radiation treatments as compared with the dark control (Fig. 6C) . The main inhibition was detected at noon and in the afternoon, but at the end of the experiments all treatments showed a recovery coupled with a drop in the dark control values. Growth rates (μ) also reflected the impact of solar radiation on the subsurface bacterial assemblages (Table 1) , with a significant decrease in samples exposed to UVR as compared to PAR, and also , one order of magnitude less than the BSP estimated from Leu uptake. TdR uptake was significantly inhibited (Tukey-test, p < 0.05) by PAR and UVR, with most of the inhibition due to PAR (Fig. 7A,B) . At noon, PAR treatment values accounted for 51% of dark controls, whereas PA and PAB treatments showed an additional 40 and 31%, respectively. At sunset, a drop in BSP cell -1 by TdR uptake was observed in the dark control, and the TdR incorporation was higher in the P treatment (Fig. 7A ). The BGE pattern was similar to that of BSP cell -1 (Fig. 7C) , with a significant inhibition due to PAR at noon and in the afternoon (67 and 60% of dark controls, respectively), followed by an additional inhibition in the PA and PAB treatments (Fig. 7C) . At sunset, the dark control values dropped and were similar to those in the P treatment, while inhibition was still observed in the PA and PAB treatments. There were significant differences in μ among the radiation treatments and the dark control throughout the day (Table 1) .
DISCUSSION
Our results demonstrated a significant inhibitory effect of solar radiation on bacterioplankton communities inhabiting both surface and subsurface waters in the Concepción upwelling ecosystem. Most of the inhibition of surface and subsurface bacterial assemblages (expressed as changes in BSP, BGE, and μ) was due to PAR radiation, and was usually highest around noon when solar irradiance peaked. PAR inhibition of bacterial activity, estimated from both Leu and TdR uptake at noon, consistently resulted in a ca. 51% drop in BSP, BGE, and μ in relation to the dark controls. In contrast, the bacterioplankton response to UV radiation was more variable: inhibition was weak to strong and, at times, bacterial activity actually enhanced due to UVR. A wide range of UVR effects on bacterial metabolism has been reported for a variety of marine ecosystems from tropical to polar regions (see reviews by Booth et al. 1997 , Kirchman et al. 2000 , Obernoster & Herndl 2002 , Häder et al. 2003 , and references therein). The high inhibition of BSP by PAR and relatively lower inhibition due to UV-A and UV-B observed in this study is in agreement with previous observations regarding picoplankton , Sommaruga et al. 1997 , Bertoni & Callieri 1999 . Nevertheless, other studies have reported that the mechanisms involved in bacterial activity enhancement and/or depression by PAR and UVR are still not fully understood (see Morán et al. 2001 and references therein) .
In this study, the BSP obtained from Leu uptake was significantly different (p < 0.05) to that obtained from TdR uptake. These 2 measurements are, in general, closely correlated in natural bacterioplankton assemblages (Kirchman 1992) ; nevertheless, when bacterial growth becomes de-coupled from cell division, the 2 measurements have been observed to deviate widely (Chin-Leo & Kirchman 1990). Shiah & Ducklow (1997) reported that when environmental conditions are favorable both protein (associated with Leu uptake) and DNA (associated with TdR uptake) synthesis are enhanced, and in particular that the cell division process is increased and generates lower Leu:TdR ratios. In contrast, bacteria may maximize the chance of survival under adverse environmental conditions by allocating more energy to biomass accumulation than DNA, thus leading to higher Leu:TdR ratios (Shiah & Ducklow 1997 ). Our results indicated that solar radiation may also be a factor affecting the differential uptake of Leu and TdR by bacteria. Nevertheless, caution must be taken when considering our data set, as more information would be needed in order to elucidate the seasonal influence of solar radiation in the uptake trend of Leu and TdR by bacteria in this zone.
Although the inhibition of Leu and TdR uptake by PAR was close to 51% in all treatments at noon, a differential response to both Leu and TdR uptake was observed in the UVR treatments. For instance, Leu uptake in surface samples at noon was inhibited by UV-A (13%) and UV-B (7%), whereas TdR uptake was inhibited due to UV-A (23%) and enhanced 5% over the dark controls by UV-B. Similarly, in subsurface samples at noon, Leu uptake was inhibited by UV-A (30%) and UV-B (14%), whereas TdR uptake was inhibited by UV-A (11%) and by UV-B (9%). At the end of the period of solar exposure, protein and DNA synthesis were more limited by UV-A than by UV-B only in surface samples, whereas protein synthesis was more inhibited by UV-B than UV-A in subsurface samples. The differential response in the UV radiation treatments could be related to the higher photon flux rates occurring in the UV-A range, which could cause UV-A to have a more detrimental effect than UV-B (Karentz et al. 1994 ). Nevertheless, bacterial activity under UV-B radiation is variable because this UV range is more biologically harmful than longer wavelength radiations such as UV-A and PAR , Visser et al. 2002 .
The different responses of surface and subsurface bacterioplankton assemblages to solar radiation (PAR and UVR) started (in general) after solar noon and continued until the end of the day. At sunset, protein synthesis in surface bacterioplankton was inhibited by UV-A, but was enhanced by PAR and UV-B. The opposite was true for the subsurface bacterioplankton assemblages: protein synthesis was inhibited by PAR and UV-B but enhanced by UV-A. DNA synthesis in surface waters was highly inhibited by PAR, and, to a lesser degree by UV-B, but enhanced by UV-A. In subsurface waters, DNA synthesis inhibition was caused only by UV-A, and enhanced by both PAR and UV-B.
The different sensitivity to solar radiation of subsurface and surface assemblages might reflect their taxonomic composition, as is seen in other ecosystems (Arrieta et al. 2000) . The prokaryote community inhabiting the oxygen minimum zone of the HCS is quite different to that living in the oxygenated surface waters, as shown for archaea (Levipan 2006) , nitrifying communities (Castro-González 2004) , and photosynthetic cyanobacteria (Prochlorococcus sp. and Synechococcus sp; Ulloa 2003) . During our sampling, Levipan (2006) determined archaeobacteria abundance by the 16S rRNA clone analyses (used previously in another marine zone see Massana et al. 1997 , Karner et al. 2001 . Archaeobacteria abundance in the water column (especially in subsurface waters) ranged between 42 and 62% of the prokaryote abundance at 80 m and in surface waters (Levipan 2006) . Unfortunately, the response of free living archaea to UVR exposure in the pelagic ecosystem is unknown. Considering the major biochemical and physiological differences between archaeobacteria and eubacteria (Danson & Hough 1998) , it is highly likely that the relative abundance of this group within the prokaryote community can account for some of the differences observed during our experiments.
Alternatively, the differences observed in protein and DNA synthesis as well as in BGE and μ rates throughout the day could also be due to the proportion of prokaryotes under dormancy in the assemblage (del Giorgio & Scarborough 1995 , Shiah & Ducklow 1997 . In fact, it has been suggested that prokaryotes emerging from subsurface waters due to coastal upwelling may become dormant or physiologically inactive once they reach the surface (Kirchman et al. 1982) . UVR sensitivity could also be related to the dominant pro-portion of large cells that were found in the subsurface water samples (Table 2) . UV sensitivity associated with cell size could partially explain the non-significant growth inhibition among light treatments (i.e. when calculated as TdR uptake) (Table 1) because the DNA in large cells is less affected by UV-B , Visser et al. 2002 .
The inhibition observed in solar-exposed treatments as compared to the controls seems to be a function of irradiance (i.e. instant radiation over area unit) rather than dose (i.e. the intensity of the accumulative radiation over exposure time), because most of the depression in bacterial activity in samples subjected to solar radiation took place at noon (the time of highest irradiance). At the same time, an increment in Leu uptake (in both surface and subsurface samples) took place at sunset; TdR uptake remained depressed (Figs. 4 to 7) , indicating a recovery in protein synthesis activity as solar irradiance levels fell. Bacterial cells are capable of coping with high levels of solar radiation, probably by dissipating the excess energy (Buma et al. 2001 , Häder et al. 2003 or by readily repairing any damage that might have occurred during exposure , Visser et al. 2002 .
UVR sensitivity, especially of subsurface assemblages, may also be related to the lack of acclimation of the cells used in our experimental design. The effect of UVR on physiological rates is known to be dependent on the light history of the prokaryote assemblage , Visser et al. 2002 . During our sampling, 1% of PAR was at 27 m (k PAR = 0.17 m -1 ; G. Daneri unpubl. data) when the subsurface prokaryote assemblages were collected from 80 m depth, below the pycnocline (Fig. 2) . The subsurface samples used in the experiments had probably not been exposed to solar radiation for long. Thus, differences in previous light histories could explain the different uptake responses of Leu and TdR between depths and light exposure. Acclimation in both assemblages could also be related to reactions that occurred in the dark controls as compared to the light treatments. The dark controls generally showed a higher BSP and BGE (mainly by Leu uptake) and consistently high chl a values than the light treatments. It is possible that these values were due to the inhibition of phytoplankton activity and, therefore, to the presence of more leaking cells or exudates (Morán et al. 2001) . Even more complex reactions could be occurring in the light treatments of both assemblages. The low chl a values of the PAR treatments as compared to the control (Table 2) might be also related to higher chlorophyll degradation in dead cells under light treatments, as reported by Cuny et al. (2002) .
Furthermore, the composition of DOM can change when exposed to UVR , Obernoster et al. 2001 . The DOC concentrations in our study were over 200 µM (data not shown), and no clear response to natural PAR and UV radiation levels were detected. This is consistent with the lack of response to solar radiation shown by the chl a levels during the experiments. Therefore, we were not able to draw conclusions about the possible effect of UV on remineralization rates of bacterioplankton by photodissociation of DOC. Assuming that the high DOC concentrations observed are partially related to photodissociation of more refractory DOC, the recovery of BSP could also be related to (1) low solar irradiance, (2) effective repair mechanisms (Kaiser & Herndl 1997 , and (3) the bioavailability of DOC. These 3 factors should help the cells cope with the solar stress arising the next day.
Biogeochemical HCS implications
Concepción's upwelling system has a strong seasonal coupling between primary production, biomass, nutrients, and DOC supply (Daneri et al. 2000 , Troncoso et al. 2003 , Cuevas et al. 2004 ). Accordingly, previous studies have shown substantial bacterioplankton biomass production and abundance (McManus & Peterson 1988 , Pantoja et al. 1989 , Troncoso et al. 2003 . In fact, the values of bacterial secondary production reported for central-southern Chile are among the highest of all marine ecosystems (Cuevas et al. 2004) . The high productivity of the marine ecosystem off central Chile has been related mostly to physical factors such as upwelling, river runoff, Kelvin waveassociated mixing events, mesoscale structures, and topography (Quiñones & Montes 2001 , Sobarzo et al. 2001 , Cuevas et al. 2004 . Our study suggests that, in addition to these factors, solar radiation could also play a role in influencing energy and matter fluxes in the HCS because it limits bacterioplankton activity and, accordingly, may modify fluxes within the microbial loop.
The physical dynamics of this upwelling zone is a critical factor in modulating UVR effects on the microbial realm. Ascendance rates (vertical velocities) of 0.02 to 0.03 cm s -1 or 17 to 26 m d -1 for the 11°C isothermal reported for the study zone (Sobarzo et al. 2001) imply that it would take 4 d for a water parcel from 80 m to reach the surface. This period should be enough for the prokaryote assemblage to acclimate to surface radiation conditions. A parcel located at the surface during a relaxation period would be exposed to solar radiation for approximately 6 d. In contrast, a prokaryote inhabiting a parcel of deeper subsurface water that rapidly emerges during active upwelling pulses (i.e. 30 to 50 m, <1% of PAR) would not be able to adapt to the surface solar radiation conditions: it would be exposed to a very harsh scenario such as the one simulated in this study. Therefore, it seems that synchronization among solar radiation, water conditions (nutrients, DOM quality), and wind relaxation periods is critical in modulating the potential negative effects of UVR on bacterial assemblages.
Assuming a linear relationship between BSP response and solar exposure during the 11 h of incubation, we estimated the daily BSP inhibition in the surface and subsurface water assemblages caused by PAR, UV-A, UV-B, and PAR+UVR. It can be seen that, at the end of the day, protein synthesis was more affected by PAR than was cellular division ( Table 3) . The inhibitory effect taking place in both assemblages is highest under full solar exposure (PAR+UVR), followed by PAR alone. However, in the case of surface assemblages, the UV-A effect seems to be higher than the UV-B effect. The opposite was observed for the protein synthesis of bacterioplankton from 80 m. Despite the limitations of the BSP integrated values, this agrees with the responses detected at the end of the experiments for PAR and the dark controls (see Table 1 ).
The former estimates suggest that solar radiation, mainly PAR and UVR, certainly plays an important role in modulating daily bacterioplankton activity (BSP, BGE, μ). This became evident when the effect of radiation on reducing BSP and BGE was compared with other fluxes responsible for decreasing bacterioplankton abundance. For instance, Cuevas et al. (2004) estimated that the grazing pressure of heterotrophic nanoflagellates on bacterioplankton in Concepción's upwelling system is able to consume about 4.3% of the BSP during spring. It is important to note that UVR could also modulate bacterial activity, and diminish predation by reducing predator motility and altering body shapes (Sommaruga et al. 1997 , Sommaruga & Buma 2000 .
Considering the observed decrease in BSP, growth rates, and efficiency of prokaryote assemblages exposed to UVR and the importance of the microbial trophic web in the HCS, further in situ studies on acclimation and repair mechanisms of prokaryote assemblages are necessary. Moreover, in situ studies of the potential effects of PAR and UVR on primary producers as well as on predators (e.g. nanoflagellates) are a key step to understanding the role of solar radiation in the biogeochemistry of the HCS, particularly when considering the scarce information for the mid and higher latitudes in the Southern hemisphere. 
